Creative Commons Attribution-NonCommercial-NoDerivs License It is well known that boiling and quenching heat transfer depends strongly on the morphology and composition of the solid surface through which the heat transfer occurs. The relevant surface features are roughness, wettability (hydrophilicity), porosity, presence of cavities, size and shape of cavities, and thermo-physical properties of the surface material. Recent work at MIT has explored the separate effects of surface roughness, wettability and porosity on both Critical Heat Flux (CHF) and quenching heat transfer (Leidenfrost point temperature). Briefly, interconnected porosity within a hydrophilic matrix greatly enhances the CHF limit (by as much as 60%) and the Leidenfrost temperature (by as much as 150C). Surprisingly, surface roughness has a comparably minor effect on both CHF and quenching. There are opportunities to exploit in Light Water Reactor (LWR) nuclear plants, where CHF and quenching determine the thermal margins during loss-of-flow and loss-of-coolant accidents, respectively, and the surface of the fuel naturally develops porous hydrophilic layers because of CRUD deposition and corrosion. This paper reviews the MIT experimental database generated using engineered surfaces with carefully-controlled characteristics, and discuss its applications to LWR safety, both design-basis and beyond-design-basis accidents.
INTRODUCTION
The effectiveness of convective heat transfer between a solid surface and a single-phase fluid (either gas or liquid) depends on the fluid properties (i.e. density, viscosity, thermal conductivity, specific heat), the fluid velocity and the system geometry (e.g. channel shape, hydraulic diameter). The microstructure of the solid surface has an indirect effect on heat transfer, as surface roughness creates turbulence, which in turn affects heat transport within the thermal boundary layer. Hence the generic functional form of all empirical correlations for prediction of the single-phase forced convective heat transfer coefficient is Nu=Nu(Re,Pr,/D), where Nu is the Nusselt number, Re the Reynolds number, Pr the Prandtl number, and /D the relative roughness [1] .
The situation is fundamentally more complex in two-phase heat transfer phenomena with phase change, such as boiling, condensation and quenching, which typically occur at the interface between a solid surface and a liquid-gas mixture (Fig. 1) . It is well known that in nucleate boiling the nucleation of bubbles occurs preferentially at microcavities present on the surface [2] ; in the absence of such cavities or in case those cavities are flooded, the temperature of nucleation can be much higher than the stable equilibrium (saturation) temperature of the liquid-vapor mixture, depending on the actual size of the cavities [2, 3] and the surface energy (wettability) of the surface material [2] . As the bubble grows at the wall, pinning of the triple-phase contact line can occur at the base of the bubble, if roughness features and/or heterogeneities are present on the surface [4, 5] . The Critical Heat Flux (CHF), in both pool and flow boiling, is sensitive to surface characteristics such as wettability [6] [7] [8] [9] [10] [11] , surface roughness [5, [12] [13] [14] , and also to the presence of porous structures on the surface [15, 16] 1 . The minimum film boiling temperature (or Leidenfrost point) has been found to depend on surface roughness and oxidation [18] , as well as wettability (contact angle) [19] . The heat transfer coefficient in film boiling depends on the emissivity of the solid surface, as radiation heat transfer occurs through the vapor film at high temperature [20] . In dropwise condensation the nucleation temperature and size of the condensate droplets depend on the wettability of the surface [2] . Finally, as most phase change phenomena of practical interest are unsteady (e.g. the cyclic nucleation, growth and departure of bubbles in nucleate boiling, the cyclic droplet nucleation and roll-off in dropwise condensation, the collapse of the vapor film in quenching), conduction and storage of sensible heat in the solid can affect the rate at which phase change occurs; therefore the heat transfer coefficient may also depend on the thermal properties (i.e. density, specific heat and thermal conductivity) and dimensions (e.g. thickness) of the surface material.
In summary, heterogeneous two-phase heat transfer depends strongly on the properties and chemicophysical conditions of the solid surface near which the phase change occurs. As such, knowledge of the thermal and hydraulic conditions of the fluid alone is not sufficient to understand and predict two-phase heat transfer. The objectives of this paper are to review the findings of recent MIT studies on surface effects in CHF and quenching heat transfer (Section 2), and discuss their implications on the assessment of the thermal margins in nuclear systems of the Light Water Reactor (LWR) type (Sections 3 and 4).
4

SEPARATE SURFACE EFFECTS ON CHF AND QUENCHING
CHF
CHF marks the transition from an efficient heat transfer mode (i.e. nucleate boiling or forced convective evaporation) to a liquid-deficient and thus inefficient heat transfer mode (i.e. film boiling or mist flow).
As such, CHF is also known as the boiling crisis, i.e. an event in which the heat transfer coefficient is drastically reduced. Depending on the actual value of CHF and the materials involved, the occurrence of a boiling crisis can result in physical destruction of the boiling surface, known as "burnout". CHF has been found to depend on surface wettability, roughness and porosity. The common understanding is that hydrophilicity (wettability) delays CHF because it promotes rewetting of dry patches that develop on the surface at high heat fluxes [21] . Conversely, hydrophobicity is thought to impair surface rewetting and thus reduce CHF. A porous matrix on the surface can enhance the number of nucleation sites (if the pores have the right size) by creating cavities that seed bubble formation [15] . If interconnected, porosity also allows for transport of liquid between nucleation sites through capillary wicking. Therefore, rewetting of nucleation sites following bubble departure is enhanced, which can help delay CHF [16] . However, if the matrix is hydrophobic, the fluid is repelled from the pores, which accelerates occurrence of CHF. The effects of roughness on boiling heat transfer and CHF are more indirect: roughness features typically increase the effective surface area, and thus can either promote or hinder wettability depending on the intrinsic contact angle of the material [22] ; if the surface is rendered more hydrophilic, surface roughness is expected to increase CHF [5] . Depending on their shape and size, roughness features may or may not serve as nucleation sites. If they do, the boiling heat transfer coefficient is also expected to increase [23, 24] . The above arguments are applicable to both pool and flow boiling.
Semi-empirical correlations/models attempting to capture the effects of surface conditions on pool-boiling CHF are available: Kandlikar's [6] for wettability, Polezhaev and Kovalev's [25] for porosity, and
Ramilison et al.'s [12] for roughness and wettability. The issue with these correlations/models is that they are fitted to data in which multiple surface features are present simultaneously, thus making it hard to distinguish which feature is important from which is not. Motivated by this shortcoming, we have recently conducted a study in which the effects of surface porosity, roughness and wettability on CHF were isolated experimentally. This objective was accomplished through the use of carefully-engineered surfaces for which roughness, wettability and porosity could be changed precisely and independently, a key feature made possible by the recent advances in micro-and nano-manufacturing. A detailed description of these experiments can be found in [26, 27] . Here we present only the main findings, as they will inform the discussion on the thermal margins in the LWR application.
Briefly, pool boiling tests with water at atmospheric pressure were conducted on thin (0.25-mm) nanosmooth sapphire heaters. Surface features were engineered independently on the side of the sapphire exposed to water. Surface roughness was controlled by implanting micro posts 15-μm tall, 20-μm in diameter, and spaced according to a 500-m hexagonal pitch. As we wished to isolate the effect of roughness from that of wettability, the spacing of the posts was selected large enough to yield a negligible change in the effective surface area. Porosity was controlled by depositing 2.5-μm thick layers of silica nanoparticles of 50 nm diameter, using the layer-by-layer technique (LbL) [28] . The nanoparticles assemble in a loose packed fashion to around 50% of the total volume. LbL enables creation of a very smooth porous layer which basically does not affect roughness. Wettability was controlled by depositing thin, smooth, non-porous layers of hydrophilic (silica) or hydrophobic (fluorosilane) materials by electron beam physical vapor deposition or chemical vapor deposition, respectively [29, 30] . Nine combinations of surface roughness, wettability and porosity were analyzed, as shown in Table I . Surfaces were categorized as hydrophilic (static contact angle < 10°) or hydrophobic (static contact angle > 110°), smooth (R z <0.1 m) or rough (R z >10 m), porous (porosity 50%) or non-porous (zero porosity). For each combination, at least three heaters were fabricated and tested, to ensure repeatability of the results.
Representative images of the porous and rough engineered surfaces are shown in Figure 2a The rightmost column in Table I reports the CHF data, from which it is possible to draw several intriguing observations. First, wettability alone did not appreciably affect CHF: the uncoated, smooth non-porous hydrophilic and smooth non-porous hydrophobic heaters (Patterns 1, 2 and 3, respectively), in spite of a contact angle difference of more than 100, had similar values of CHF. Note that the contact angles reported in Table I were re-measured after the boiling tests to verify they had not changed during 
Quenching Heat Transfer
Quenching heat transfer refers to the rapid cooling of an extremely hot object by immersion in a cooler liquid. The process is initially dominated by film boiling in which a continuous vapor film completely separates the liquid phase from the solid surface. During film boiling, heat transfer from the surface to the liquid takes place by conduction and radiation through the vapor layer, and thus the liquid takes a significantly longer time to evaporate than it would on a surface held at lower temperature; however, as the temperature gets closer to the Leidenfrost point (LFP), intermittent and short-lived liquid-solid contacts occur at discrete locations on the surface. If bubble nucleation ensues at such contact points, the vapor film is disrupted and the heat transfer regime transitions from film boiling to transition boiling.
In a quenching heat transfer study with nanofluids, we demonstrated that deposition of particles on a surface significantly increases the nominal LFP up to ~500C under atmospheric and saturated conditions, which considerably accelerated the cooling of the test object [31, 32] . However, such a high LFP could not be explained by the traditional LFP models based on the Taylor hydrodynamic instability of the vapor film, e.g. Berenson's [33] model, or even Henry's model [34] which accounts for transient conjugate heat transfer in the surface. This suggested that the vapor film is destabilized and disrupted by a different mechanism, presumably associated with the thin nanoparticle deposition layer. Characterization of the deposition layer further suggested changes in roughness, wettability, and porosity as plausible causes for such a high LFP. Nevertheless, it was not possible to identify the exact physical mechanism of LFP enhancement because disordered nanoparticle deposition in those experiments changed roughness height, wettability and porosity simultaneously. In a subsequent study we investigated the separate effects of surface roughness, wettability and porosity on the LFP temperature of water droplets with customfabricated surfaces. A detailed description of these experiments can be found in [35, 36] . Just like in the CHF section above, here we focus only on the findings that will inform the discussion on the thermal margins in the LWR application.
Briefly, the LFP temperature was measured using the time-of-evaporation technique for small water droplets (diameter 2.9 mm) on thin (380 m), nanosmooth (R a < 0.5 nm) silicon wafers. Surface roughness height was controlled in the range from 0 m to 15 m (with 5 m increments) by fabricating a square array of cylindrical posts with 5 m diameter and 500 m pitch on the silicon wafer. The large pitch was selected to prevent appreciable change in the surface area. The surface wettability was controlled by depositing a nano-smooth thin layer of gold (100 nm thick) or silicon oxide (20 nm thick) with a sputtering technique; the resulting contact angles for de-ionized water droplets were found to be 83 on the gold surface and 19 on the silicon oxide surface. To explore the effect of porosity, we used a thin porous layer (about 600-nm thick) made of silicon oxide nanoparticles (23-nm diameter), deposited according to the LbL process. The porous layer further enhances the apparent wettability (the contact angle decreases to ~0) with respect to the smooth silicon oxide surface. On the other hand, the roughness height change due to the porous layer is negligible ( 0.016 m). Representative images of the engineered surfaces are shown in Fig. 3 . Table II shows the LFP temperature data. The LFP increases with the height of the micro-posts on all surfaces tested in this study, but the magnitude of the increase is distinctively higher on the porous surface.
For a given height of the posts, the LFP increases with wettability. As a result, the hydrophilic porous surface with micro-posts can be considered an optimum (within the limits of this study), exhibiting the highest LFP at 453C, which is even beyond the critical point of water (374C). 2 Why do porosity, wettability and the micro-posts result in such a high LFP? High-speed imaging of the evaporating droplets sheds light on the physical mechanisms, when we focused on the intermittent solid-liquid contacts in film boiling. We observed thin liquid filaments intermittently connecting the droplet to the solid surface on the samples with micro-posts (Fig. 4b) , whereas the filaments were not observed on the surfaces without microposts (Fig. 4a) . However, even in the presence of liquid filaments, the evaporation process was quite different depending on whether the surface was nano-porous or not. The gold and silicon oxide surfaces without nano-porosity stably sustained the liquid filaments, typically for a few milliseconds, without triggering any perturbation (Figs. 4b and c) . By contrast, the nano-porous surfaces instantaneously reacted to the filament contacts with violent splashes of tiny droplets around the large evaporating droplet (Fig. 4d ).
This splashing severely disturbed the liquid-vapor interface and prevented the establishment of a stable vapor film at nominal surface temperatures as high as 453C.
In Refs. [32, 36] we argue, and justify semi-quantitatively, that (i) the micro-posts augment the frequency of the intermittent contacts between the liquid and the surface, (ii) the wettability increases the residence time of the liquid on the surface, and (iii) the surface pores trigger bubble nucleation that disrupt the vapor film, at temperatures well above those at which a hydrodynamic instability may set in. 
THERMAL PERFORMANCE LIMITERS IN LIGHT WATER REACTORS (LWRs)
The CHF and quenching heat transfer phenomena described in Section 2 are the key thermal-hydraulic phenomena limiting the performance of Pressurized Water Reactors (PWRs) and Boiling Water Reactors (BWRs), collectively known as LWRs. CHF is the primary limit during a loss-of-flow accident (LOFA) or an overpower transient in which departure from nucleate boiling (PWR) or liquid film dryout (BWR) can occur due to either a reduction in the coolant flow or an excursion of the heat flux (Fig. 5a ). When CHF occurs, the nuclear fuel overheats and can be damaged, resulting in fission product release; therefore, regulations [37] establish limits on the allowable heat flux at the cladding surface to avoid CHF.
Specifically, a Minimum Departure From Nucleate Boiling Ratio (MDNBR), defined as the minimum ratio of the CHF to the operating heat flux in the core, is imposed in PWRs; and a Minimum Critical Power Ratio (MCPR), defined as the minimum ratio of the fuel assembly power corresponding to liquid film dryout to the operating fuel assembly power, is imposed in BWRs.
Quenching heat transfer occurs in the wake of a loss-of-coolant accident (LOCA), when the Emergency Core
Cooling System (ECCS) injects cold water into the core, to reduce the temperature of the fuel that is no longer covered by the primary coolant (Fig. 5b) . The speed at which the quenching process (quenching front) progresses throughout the core determines the maximum fuel temperature attained during the accident, which in turn determines the safety margin to fuel damage. Regulations [38] mandate that during LOCAs the peak cladding temperature (PCT) remain below a postulated limit (1200C, to prevent runaway oxidation of the zirconium cladding), which is ensured by limiting the steady-state reactor power and maximizing the rate of ECCS injection.
In some new designs, such as Westinghouse's AP1000, the 1200C limit is not challenged since the fuel is 
Quench front
Accurate quantification of the thermal margins in the situations described above is obviously important to plant safety, but also to plant economics. Overly conservative margins limit the core power density (i.e., power produced per unit volume of the reactor core), thus hurting the reactor's economic performance.
Because capital costs of a typical LWR constitute 65% of the total busbar electricity cost, extracting more power from a reactor or, for given power, reducing the physical size of the reactor reduces the total cost of electricity from nuclear energy considerably. Therefore, there are powerful economic incentives to eliminate un-necessary conservatism in the determination of the thermal margins. It comes down to a more accurate prediction of flow-boiling CHF and quenching heat transfer, including the effects of the surface characteristics.
OPPORTUNITIES FOR THERMAL MARGIN ENHANCEMENT IN LWRS
Historically, experiments and analyses in support of LWR safety have been focused on reproducing the correct in-reactor thermal-hydraulic conditions, e.g. see the comprehensive FLECHT SEASET program [39] , but essentially have ignored the effects of surface characteristics on CHF and quenching heat transfer. This is understandable as surface conditions are hard to predict and control during reactor operation. However, as shown in Section 2, these effects are not negligible, and since we are beginning to understand them at a more systematic and fundamental level, the time seems ripe to start incorporating them in tests and analyses, in particular in the determination of the reactor thermal margins.
Normal Operating Conditions
In LWR plants heat generation by nuclear fission takes place within solid cylindrical pellets (10 mm by 10 mm) of uranium dioxide (UO 2 ) fuel, encapsulated in a thin (0.5-0.7 mm), sealed tube called the cladding.
Heat removal by the water coolant occurs on the outer surface of the cladding. The cladding is made of a zirconium alloy. While there exist many variations of such alloy, the two with the largest service experience are the Zircaloy-2 and Zircaloy-4 alloys, both having nominal composition Zr, 1.2-1.7 Sn, <0.2 Fe,Cr,Ni (wt%). Advanced zirconium alloys with less Sn (0-1 wt%) and a small addition of Nb (1 wt%) to reduce corrosion and hydrogen pickup are also available, e.g. Westinghouse's Zirlo TM , Areva's M5 TM . The cladding is fabricated by extrusion, cold drawing/pilgering and belt grinding, which gives it a smooth surface finish. The aggressive environment present in the reactor core changes the cladding surface mainly through cladding oxidation (corrosion) and CRUD deposition. Upon exposure to the high-temperature (280-320C) water coolant, the surface of the cladding rapidly oxidizes in a passivating manner, by forming a highlydense zirconium oxide layer. This layer hinders further oxygen diffusion to the metal substrate, thus slowing down further cladding oxidation. The oxide layer is made of ZrO 2 and, for Zircaloy, also Zr(Cr,Fe) 2 precipitates in metallic form as well as tin oxide SnO [42] . The oxide layer thickness depends on the duration of the in-core service (i.e discharge burnup), the composition and distribution of the Zr(Cr,Fe) 2 precipitates (which anodically protect the substrate), and the specific coolant chemistry of the reactor (e.g.
hydrogen water chemistry, lithium hydroxide addition and zinc injection in PWRs, noble metal chemical addition in BWRs). However, given the coolant chemistry, the evolution of the oxide layer is fairly predictable with an initial growth limited by inter-granular diffusion of oxygen exhibiting a cubic root dependence on time (pre-transition stage), followed by periodic oxide layer breakdown/growth cycles (transition stage), followed by linear growth (post-transition stage), as shown in Fig. 6b . The morphology of the oxide layer in the pre-transition and transition/post-transition stages is shown in Fig. 6c and 6d, respectively. It can be seen that the oxide layer is initially a compact (non-porous) oxide; as such, no Zr ZrO 2
Zr
ZrO 2 significant effects on CHF and quenching are expected in this initial phase. However, in the transition and post-transition stages the oxide layer develops nanoporosity at the grain boundaries, and microcracks parallel to the cladding surface; this evolution could be due to cracking from accumulation of compressive stresses in the oxide, or from crystalline phase transition transformation of ZrO 2 (from tetragonal to monoclinic), or from oxidation of the Zr(Cr,Fe) 2 precipitates [42] . These pores/cracks range from 1 to 500 nm in size [45] and can be interconnected, thus letting the coolant percolate to the metal substrate, which compromises the corrosion protection function of the oxide layer [42] . Typical oxide thicknesses at fuel discharge (at 60
MWd/kg HM ) are between 10 and 60 m [42] . Roughness <0.5 m and porosity of up to 15% are typical for the thick oxide layer at discharge [45] . The volume fraction of the larger cracks appears to be order of 20-30% (Fig. 6d) , although the cracks may have opened considerably upon cooling of the samples.
Interestingly, it was found that the contact angle of Zircaloy is significantly reduced by both oxidation and gamma irradiation; the latter effect is known as Radiation Induced Surface Activation (RISA) phenomenon.
Lab samples of oxidized and gamma-irradiated Zircaloy specimens have exhibited contact angles as low as 10-20 [19, 41] .
Since the characteristics of the oxidation layer are qualitatively similar to those of CRUD, their implications on CHF and quenching heat transfer will be discussed together with CRUD below.
CRUD (Chalk River Unidentified Deposits) refers to deposition of tenacious scale on the cladding surface driven by subcooled nucleate boiling in PWRs (occurring in the upper region of some fuel assemblies) and saturated nucleate boiling in BWRs (occurring primarily in the lower region of the core) (Figures 7a and 7b ).
The source of CRUD is mainly corrosion products (NiO, Fe 3 O 4 , NiFe 2 O 4 with Cr and Zn additions and sometimes ZrO 2 ) from steam generator corrosion in PWRs, and iron, nickel and copper oxides from corrosion in the feedwater system in BWRs [46] . Figures 7c through 7g show images of CRUD deposits from various U.S. nuclear plants. CRUD composition and morphology vary somewhat from plant to plant, however, it can be seen that in general CRUD is porous scale with submicronic pores and often featuring large (2-10 m) vapor chimneys, through which steaming occurs (Fig. 7h) . Typical CRUD thicknesses can range from a few microns up to 120 m; typical surface roughness, porosity and room-temperature static contact angle of CRUD flakes are 2.5 m, 45-50% and 30 3 , respectively [52] .
Towards the upper end of the thickness range, CRUD constitutes a significant thermal resistance, which can increase the cladding temperature by tens of degrees [53] . This can lead to CRUD Induced Localized Westinghouse's WALT loop data [53] also showed that, below 15-40 m thickness, CRUD deposits improve heat transfer. Like the CHF-enhancing engineered surfaces reported in Table I , CRUD features an interconnected porous structure made of hydrophilic particles; therefore, CHF enhancement is expected.
Similar considerations apply to the porous ZrO 2 layer in the transition and post-transition stages of Zircaloy oxidation.
Accurate quantification of CHF enhancement by CRUD or ZrO 2 porous layers is not possible at this time because the CHF data in Table I are not reactor prototypical in two ways: first, they are for a pool (vs. flow) boiling situation; second, they are for atmospheric (vs. high) pressure. Flow boiling tests exist for water at atmospheric pressure in tubes coated with porous layers of alumina nanoparticles, which suggest that between 50 and 80% flow-boiling CHF enhancement is possible, depending on mass flux [55] .
Unfortunately, data for surface effects on flow-boiling CHF at high pressure do not exist, thus we are forced to extrapolate from the atmospheric-pressure database. If we assume that capillary wicking of liquid through the interconnected CRUD or ZrO 2 porosity is responsible for CHF enhancement, then we expect the governing variables to be: porosity volume fraction (), pore diameter (D p ), pore effective length 4 (L), surface tension (), fluid viscosity (), and fluid density (). Through dimensional analysis it is straightforward to identify the governing groups to be  itself, the ratio D p /L, and the pore Reynolds number
While  and D p /L are simple geometric quantities, the Reynolds number strongly depends on the coolant pressure (or the corresponding saturation temperature). Figure 8 shows the variation of the pore Reynolds number with coolant pressure and pore diameter. It can be seen that for any given pore diameter, the Reynolds number has a maximum at about 2.5 MPa; interestingly, the values of Re p at atmospheric pressure and PWR pressure are very similar, suggesting that the capillary wicking observed in our experiments should be effective in supplying fresh liquid to the surface also at reactor conditions. However, tests in rod bundle geometry with prototypical reactor materials and thermal-hydraulic conditions will be needed for confirmation of the flow-boiling CHF gains in a nuclear plant. 
Post-LOCA
In a post-LOCA situation, the oxidized and CRUDed surface of the cladding may reach very high temperatures (up to 1200C) before being exposed to cold water at near-atmospheric pressure from the ECCS. As suggested by the results in Table II , the presence of a porous hydrophilic layer on the surface could increase the LFP temperature by 100-200C, which in turn would substantially accelerate quenching of the reactor fuel rods. Figure 9 shows quenching tests (taken from Ref. [32] ) in which stainless steel rodlets with a clean surface were compared to rodlets with a surface coated by a porous layer of alumina nanoparticles. The rodlets were pre-heated to 1000C and then rapidly plunged into cold (80C) water; the quenching process was observed with a high-speed video camera, while a thermocouple embedded in the rodlet recorded the temperature vs. time evolution. It can be seen that quenching of the clean rods was a relatively slow process, featuring a well-defined quench front which moved upward at an approximate speed of 7 mm/s. This speed is consistent with measured and calculated quench front speeds for simulated reactor fuel rods [56] , and would result in a total quenching time of approximately 530 sec for a core of 3700 mm length. By contrast, quenching of the rods with a coated surface occurred through sudden collapse of the vapor film across the whole rod at an estimated speed of 5000 mm/sec, or three orders of magnitude faster than on the clean surface. Under these conditions, the core quenching time would be limited by the rate at which the water level in the RPV is re-established by the ECCS. Since in a typical PWR the ECCS can refill the RPV at a speed of 60 mm/sec (thus covering the core in 3700/60≈62 sec), the estimated potential gain is 53062=468 sec. If we assume that the hot fuel rod during this time has a linear decay power of 0.8 kW/m and a heat transfer coefficient to steam of 75-100 W/m 2 K, we estimate that the peak fuel temperature during a post-LOCA could be lowered by 150-200C 5 , accordingly increasing the margin to the 1200C limit.
In-Vessel Retention
For IVR, the surface of interest is the outer surface of the RPV. The RPV is made of carbon steel grade SA- (wt. %) . The RPV surface finish varies from vendor to vendor; however roughness order of 6 m is typical [57] . During its 60-year lifetime, the RPV outer surface progressively oxidizes, a process which is greatly accelerated by the hot and wet environment present in the containment during a severe accident. Oxide layer thicknesses 200 µm are possible, with composition being a compact layer of Fe 3 O 4 near the substrate and a layer of FeO(OH), which is porous and hydrophilic [58] . Figures 10a and 10b show the surface of clean SA-508 and heavily oxidized SA-508, respectively. The room-temperature, static contact angle of clean and oxidized SA-508 is 90 and 40, respectively [59] . Limited tests with oxidized SA-508 in a loop simulating IVR conditions suggest that flow-boiling CHF on oxidized SA-508 is 85%
higher than for traditional stainless steel (Grade 316) [59] . Therefore, the previous CHF database used for IVR evaluation of the AP1000 [60] as well as the European database [61, 62] appear to be enormously conservative.
Furthermore, in IVR situations the RPV cavity would be flooded with water containing boric acid and lithium hydroxide, as well tri-sodium phosphate (TSP) or sodium tetraborate (STB) 6 . Additional debris may be present (e.g. insulation fibers, paint chips, dust) the nature and amount of which depends on the accident initiator and also on containment cleanliness prior to the accident. A generic example of fibrous debris potentially present in the containment following a LOCA is shown in Figure 10c . Boiling of this "soup" on the RPV outer surface would cause deposition of a porous scale which may have characteristics similar to CRUD, which may further increase the CHF. However, CHF data for SA-508 with scale deposits are not available at the present moment A summary of the Zry cladding and RPV surface characteristics relevant to CHF and quenching heat transfer is reported in Table III . "maybe". While it is obvious that oxidation and some CRUD may create cladding and RPV surface characteristics that are conducive to CHF enhancement and quenching heat transfer acceleration, more information is needed to quantify the magnitude of these effects in nuclear plants. Figure 11 . Synopsis of relations between the service environment, surface characteristics, boiling phenomena and thermal margins in LWRs.
Future work should focus on several important knowledge gaps that exist at the present moment:
-Additional fundamental studies of surface effects on flow-boiling CHF enhancement and quenching acceleration are needed. Specifically, having determined in [26, 35] the key role played by porosity, it will now be necessary to elucidate the effects of pore size and shape, pore volume, pore interconnection and porous layer thickness. Particular attention should be paid to thickness: a thick (order of 50 m and above) layer would likely constitute a large thermal resistance and result in higher cladding temperatures, and possibly also lower CHF. On the other hand, current data suggest that a thin (e.g. <20 m) porous layer increases both the heat transfer coefficient and CHF.
-All boiling CHF data presented in this paper are for a boiling crisis of the Departure from Nucleate Boiling (DNB) type, which is relevant to the PWR conditions. However, dryout-type CHF conditions dominate in BWRs. Therefore, data for surface effects on dryout-type CHF are needed.
-CHF and quenching tests for surface effects at prototypical reactor conditions are needed, including actual CRUD and substrate materials (Zr alloys), rod bundle geometry, and, for CHF, also full reactor pressure and temperature conditions. Contact angles data for oxidized, CRUDded and irradiated cladding at reactor temperature and pressure are also needed, but currently lacking 7 .
7 It is hard, but not impossible, to measure the contact angle of water droplets at temperatures as high as 300C and pressures as high as 15 MPa [64] . -Robust and validated models to predict the effects of CRUD and oxidation on CHF and quenching heat transfer are needed. Models of various complexities for determining the thermal resistance associated with CRUD deposits have been proposed in the past [54, 65, 66] , some are under development now [67] , and represent a good starting point.
-The interplay of surface effects and chemicals in the coolant (e.g. boric acid, lithium hydroxide, and zinc acetate in PWRs; zinc oxide and noble metals in BWRs) should be investigated. Chemicals can affect CHF and quenching in two ways: (i) change coolant properties (especially surface tension), and (ii) come out of solution and deposit on the cladding upon boiling. Some limited data already exist and suggest that CHF is enhanced by deposition of chemicals on the boiling surface, but more systematic studies are needed [68] [69] [70] .
-If credit is to be taken for surface effects, a suitable regulatory framework and industry practices have to be developed: the challenge is to ensure predictability of cladding surface conditions throughout the irradiation cycle. This may mandate periodic inspection of the cladding surface, CRUD deposition limits, and/or possibly pre-treatment or periodic conditioning of the cladding surface, to ensure conditions favorable to CHF enhancement and quenching acceleration are maintained.
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